13 14 15 Running title: Sexual selection and protein interaction networks 16 The abbreviations used are: 17 BLAST, Basic Local Alignment Search Tool 18 Dpse, Drosophila pseudoobscura 19 PCSS, postcopulatory sexual selection 20 SFPs, seminal fluid proteins 21 Dmel, D. melanogaster 22 SDS, sodium dodecylsulfate 23 SDS-PAGE, sodium dodecylsulfate polyacrylamide gel electrophoresis 24 MS, mass spectrometry 25 LC-MS/MS, liquid chromatography-MS/MS 26 AcgP, accessory gland proteome 27 FDRs, False Discovery Rates 28 AcgS, accessory gland secretome 29 exoP, exoproteome 30 LFQ, label-free quantitation 31 P, polyandry 32 M, monandry 33 GO, gene ontology 34 CC, cellular component 35 MF, molecular function 36 BP, biological process 37 STRING, Search Tool for the Retrieval of Interacting Genes/Proteins 38 DIOPT, DRSC Integrative Ortholog Prediction Tools 39 ER, endoplasmic reticulum Polyandry drives postcopulatory sexual selection (PCSS), resulting in rapid evolution 41 of male ejaculate traits. Critical to male and female fitness, the ejaculate is known to 42 contain rapidly evolving seminal fluid proteins (SFPs) produced by specialized male 43 secretory accessory glands. The evidence that rapid evolution of some SFPs is driven 44 by PCSS, however, is indirect, based on either plastic responses to changes in the 45 sexual selection environment or correlative macroevolutionary patterns. Moreover, 46 such studies focus on SFPs that represent but a small component of the accessory 47 gland proteome. Neither how SFPs function with other reproductive proteins, nor how 48 PCSS influences the underlying secretory tissue adaptations and content of the 49 accessory gland, has been addressed at the level of the proteome. Here we directly test 50 the hypothesis that PCSS results in rapid evolution of the entire male accessory gland 51 proteome and protein networks by taking a system-level approach, combining 52 divergent experimental evolution of PCSS in Drosophila pseudoobscura (Dpse), high 53 resolution mass spectrometry (MS) and proteomic discovery, bioinformatics and 54 population genetic analyses. We demonstrate that PCSS influences the abundance of 55 over 200 accessory gland proteins, including SFPs. A small but significant number of 56 these proteins display molecular signatures of positive selection. Divergent PCSS also 57 results in fundamental and remarkably compartmentalized evolution of accessory 58 gland protein networks in which males subjected to strong PCSS invest in protein 59 networks that serve to increase protein production whereas males subjected to relaxed 60 PCSS alters protein networks involved in protein surveillance and quality. These results 61 directly demonstrate that PCSS is a key evolutionary driver that shapes not only 62 individual reproductive proteins, but rewires entire reproductive protein networks.
148
Experimental flies. Flies from replicates 1-4 of each of the selection lines were collected from 149 generations 157, 156, 155 and 153 respectively. We standardized for maternal and larval 150 environments (29), but in brief, parental flies were collected and housed en-mass in food 151 bottles, then groups of about 30 were transferred on egg laying plates for 24 hours, removed 152 and replaced with a fresh egg plate. This second plate was removed after 24 hours, then 48 153 hours later, first instar larvae were collected in groups of 100 and housed in standard 154 molasses/agar food vials at 22°C. Males from these vials were collected on the day of eclosion 155 and housed in vials of 10 individuals, until they were sexually mature (36), and then dissected 156 when they were 5 or 6 days old. visualized (Supplemental Figure 1C) using Brilliant Blue G Colloidal Concentrate (Sigma) .
Each gel lane was manually cut into approximately equivalent sized pieces and destained 177 using 200 mM ammonium bicarbonate and 40% acetonitrile. Gel pieces were then reduced in 178 200 μl of a 50 mM ammonium bicarbonate buffer containing 10 mM dithiothreitol, followed by 179 alkylation in a similar volume of a 50 mM ammonium bicarbonate containing 55 mM 180 iodoacetamide. Gel pieces were then centrifuged at 13 Kg for 10 seconds and dried using a 181 vacuum concentrator until all samples were dry (~30 min). The dried pieces were then 182 hydrated in a solution containing 20 μl of trypsin (New England BioLabs) and 50 μl of 183 acetonitrile and incubated overnight at 37°C. Peptides were extracted the following day using 184 a standard method with a solution of 100% acetonitrile and 5% formic acid and dried down 185 overnight in a vacuum concentrator at 30°C. Resulting peptides were resuspended in 7.5 μl 186 of 0.1% (v/v) formic acid, 3% (v/v) acetonitrile, sonicated in a water bath for 5 minutes and 187 centrifuged at 13 x g for 10 seconds, before being transferred to a sample vial and loaded into 188 the autosampler tray of the Dionex Ultimate 3000 μHPLC system. Samples were set to run 189 using the Xcalibur sequence system. 
216
Rates (FDRs) using a reverse concatenated decoy database (FDR was set at 1.0%). Peptide 217 identifications were accepted if they could be established at greater than 95.0% probability as 218 specified by the PeptideProphet 48 and protein identifications were accepted if they could be 219 established at greater than 99.0% probability and contained at least 2 identified peptides.
220
Protein probabilities were assigned by the Protein Prophet Algorithm (37). Proteins that 221 contained similar peptides and could not be differentiated based on MS/MS analysis alone 222 were grouped to satisfy the principles of parsimony. The dataset was filtered so that every 223 protein must be identified by at least two unique peptides in any one of the biological replicates.
224
Although a conservative approach, this procedure ensured a robust dataset devoid of potential 225 misidentifications often caused by use of a single peptide for protein identification. uploaded to the STRING website and the analysis run using the "high confidence 0.9" setting 260 and the "experimental" and "databases" selected for "evidence". Proteins in each M-and P-261 up groups were distinguished by color-code: red (M>P) and green (P>M).
263
Label-free quantitation and statistical analysis. To test for differential abundance of male Drosophila genomes we combined two approaches. First we used gene annotation ignoring 284 isoforms specification (as these are difficult to identify within a proteomic screen). We then used best BLAST hits (50) of the Dpse gene against each of the two other genomes, but excluded gene sets for which annotation was contradictory to the Dpse annotation. Using a Sequences were then analyzed using PAML v4.9 (55) to obtain dN/dS values for each gene 
308
M-and P-datasets were highly correlated with >90% (3534/3757) overlap ( Figure 1A ).
309
Likewise, proteins with values in all four replicates for each PCSS treatment represented the 310 majority of identified proteins (M-line 2103/3649; 57.6% and P-line, 2235/3642; 61.4%) A 311 complete listing and tabulation of these results can be found in Supplemental Table S1 . The 1A) most likely represent missed protein assignments due to low quantities (as measured by 314 total spectral counts). Indeed, the average total spectral counts for the unique set of proteins 315 (ave. 4.5; n = 223) was 16-fold lower than the average across the entire dataset (ave. 72.8, n 316 = 3874). 
328
Likewise, the AcgP contains a sgnificant number of proteins in CC categories annotated as 329 "extracellular region" (n = 266, P = 3.2E-05), "endomembrane system" (n = 583, P = 1.04E-330 57) and "vesicle" (n = 230, P = 8.72E-25). Finally, the overall known biochemical pathways of 331 the AcgP, analyzed using the Kyoto Encyclopedia of Genes and Genomes (KEGG), revealed 332 a similar enrichment of 20 overview terms curated by KEGG that included ribosome 333 biogenesis, protein export, endocytosis and the Wnt signaling pathways (Table 1) . We categories). We also examined the subcellular localization of the AcgS using the Cerebral 370 layout tool implemented in Cytoscape. As expected for functions related to secretion and 371 proteins containing signal sequences targeted to the secretory pathway, the predicted 372 subcellular localization of AcgS proteins were skewed toward extracellular and plasma 373 membrane proteins (Figure 3 ).
375
The AcgS contains a robust repertoire of putative SFPs
376
We used the AcgS to identify a list of 151 putative SFPs representing >25% (151/506) of the 377 AcgS ( Figure 1B ; Supplemental Table 4 Table 6 ).
To further probe the effect of PCSS on our divergent selection lines, we defined differential While the differentially abundant proteins of each selection line was biased towards distinct 426 sets of GO functional groupings ( Figure 4B ), we also tested whether these relationships 427 extended to specific protein interaction networks of known network topologies. We used the 428 most stringent filters for network interactions on STRING (45), and found a statistically 429 significant (P = 0.001) PPI network of 91 proteins containing nine defined subnetworks and 430 including elements of 34 KEGG pathways (Supplemental Table 7 ). A striking aspect of the Figure 6A ). AcgS 448 proteins also evolve faster than the AcgP proteins (median omega = 0.052 versus 0.078, P= 449 1 x 10-9; Figure 6A ).
451
Given that sexual selection is hypothesized to result in rapid protein sequence evolution, we 452 then compared the evolutionary rates of the selection-specific differentially abundant proteins and accessory gland proteins (excluding selection-specific proteins). We found that the P cytosolic ribosomal proteins are highly enriched in P, a protein group that has been shown to 457 be slowly evolving (61). However, slowly evolving genes may be indicative of intensified 458 selective pressures which obscure signals of positive selection, so to account for this we 459 employed a direct site-specific test of positive selection across the accessory gland proteome.
460
We identified 19 proteins that showed positive selection, 14 from the AcgP and 5 showing 461 differential abundance in the selection lines, 3 in P and 2 in M (Table 3 ). An enrichment 462 analysis shows that genes encoding proteins that were differentially abundant following 463 experimental microevolution were more likely to be under positive selection than those in the 464 AcgP set ( Figure 6C , Supplemental Table 8) 7 7 B B B B B B B B B B Tcp-1eta CG7920 C C Irp-1B Gdh CG9485 7 0 20 20 2 2 79 92 92 G7 G C C C 0 0 0 0 0 0 0 20 0 0 0 0 0 0 0 20 2 20 2 2 2 2 92 92 92 2 2 9 9 9 9 9 9 kdn Idh alphaTub84D C C Ir r rp-rp-1 p-1 1B 1B 1B B B B 7 79 9 G7 CG CG C C 7 7 7 7 7 7 7 7 7 7 7 7 7 7 79 7 7 7 79 9 9 9 9 9 9 9 7 7 7 7 
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